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Abstract
The interband optical conductivity of Mo was calculated using a self-consistent relativistic band structure.
Including electric dipole matrix elements, the results are in excellent quantitative agreement with experiment
in the 1–6-eV region. The use of nonrelativistic bands and the neglect of the dipole matrix elements each lead
to poorer agreement with experiment. The major relativistic effect is the lowering of the s-like bands, not the
spin-orbit splitting. k-space searches identified the regions of the Brillouin zone contributing to the three
principal structures, which were found to be large volumes of the zone consisting of general points, away from
symmetry points or lines.
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The interband optical conductivity of Mo was calculated using a self-consistent relativistic band
structure. Including electric dipole matrix elements, the results are in excellent quantitative agree-
ment with experiment in the 1—6-eV region. The use of nonrelativistic bands and the neglect of the
dipole matrix elements each lead to poorer agreement with experiment. The major relativistic effect
is the lowering of the s-like bands, not the spin-orbit splitting. k-space searches identified the re-
gions of the Brillouin zone contributing to the three principal structures, which were found to be
large volumes of the zone consisting of general points, away from symmetry points or lines.
INTRODUCTION
The optical properties of Mo have been measured reli-
ably a number of times' and there is good agreement
on the interband absorption spectrum Thermomodula-
tion spectroscopy has brought out several interband criti-
cal points. ' The original interpretations of the struc-
tures observed were made on the basis of calculated elec-
tronic energy bands, usually plotted only along symmetry
lines. Electric dipole interband matrix elements were not
considered, and large volumes of reciprocal space were
neglected of necessity. These early interpretations were
aided by comparison with the band structures and optical
properties of other bcc transition metals.
Later, three more extensive investigations of the ori-
gins of the structures in the interband contributions to
the optical conductivity 0. or dielectric function e2 were
made. The first two began with non-self-consistent
calculated energy bands, but the band structures used
were not identical, the former being nonrelativistic, the
latter relativistic. One searched k space for the origins of
the structure, while the other used energy windows for
the search. The agreement in the assignments was not
perfect. Neither used dipole matrix elements, although
an estimate of their effects was given.
Yamashita et al. used a modified self-consistent non-
relativistic augmented plane-wave (APW) calculation to
obtain the band structures of Nb and Mo. Dipole matrix
elements were evaluated. They had the effect of weaken-
ing the calculated interband conductivity above about 2.5
eV, with respect to the spectrum calculated without di-
pole matrix elements, placing it in better agreement with
experiment. A spurious peak appeared at 1 eV in the cal-
culation, and the observed double peak structure near 2
eV in e2 was not well separated. Contributions of band
pairs to the spectrum were identified.
In the following we used a first-principles method to
calculate the band structure of Mo and the interband
electric dipole transition matrix elements. These, in turn,
are used to obtain a histogram of the optical conductivity
in good agreement with experiment, in both the shapes
and magnitudes of spectral features. Such agreement was
achieved with relativistic bands, but not with a nonrela-
tivistic treatment. It is possible that neglected self-energy
corrections are needed for further improvement. We also
searched k-space for the principal contributions to the in-
terband conductivity in a small region of energy, thus
combining both an energy and wave-vector window. We
find the major contributions to the interband conductivi-
ty do not come from symmetry lines.
CALCULATIONS
The electronic band structure of Mo was first calculat-
ed by the nonrelativistic linear augmented plane wave
(LAPW) method. The self-consistent potential was that
of Moruzzi et al. The analytic tetrahedron, linear ener-
gy method' was used for the calculation of ez, in which
the energy was calculated at the four corners of 440 ele-
mentary tetrahedra in the irreducible wedge of the Bril-
louin zone and the wave functions and dipole matrix ele-
ments were calculated at the center of each tetrahedron.
The dipole matrix elements (using the momentum opera-
tor) from each tetrahedron center were used to represent
the dipole matrix elements throughout that tetrahedron.
Because the results of the nonrelativistic calculation
were not in good agreement with experiment (see below),
the procedure was repeated relativistically. In this calcu-
lation" the bands were calculated self-consistently using
a Hamiltonian containing all relativistic terms except the
spin-orbit coupling. The spin-orbit splitting was added to
the bands as a perturbation in the final iteration. The
spin-orbit splitting was at most 0.12 eV (the 1 z5 splitting)
and had little effect on the calculated optical properties.
Corrections to the muon-tin approximation for the po-
tential are likewise expected to cause shifts of the order of
0.1 eV, and not affect the calculated optical properties
significantly. ' The dipole matrix elements were "nonrela-
tivistic, " since they did not allow "spin-Aip" transitions,
but these should be negligibly small in regions of spin-
allowed transitions. The most important relativistic
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effect is the shift in the center of the s band relative to the
d band. This can be as large as 1 eV for Mo. '
RESULTS
Figure 1 shows the relativistic band structure and the
nonrelativistic one calculated from the potential of
Moruzzi et al. They have been aligned at the Fermi lev-
els. The downward shifts of the s-like parts of the relativ-
istic bands are not great, but their shifts relative to the d
bands are manifest. These shifts account for the
differences in the calculated optical conductivity. Note
that on the scale of Fig. 1, the spin-orbit splittings, which
are included in the plot of the relativistic bands, are al-
most too small to be detected.
Figure 2 shows the interband spectrum of the optical
conductivity o. &, calculated from the nonrelativistic bands
with and without the inclusion of electric dipole matrix
elements, although in the latter case, only interband tran-
sitions that conserve wave vector were counted and the
conductivity was normalized to the experimental curve.
The primary difference is the emphasis of the structures
around 4 eV and deemphasis of the structures around 5.3
eV when the dipole matrix elements are included. Nearly
all transitions are between 5d states mixed somewhat
with s-p states, and group theory indicates very few tran-
sitions are forbidden on symmetry lines. (None are for-
bidden off-symmetry lines and planes. ) As we shall see,
most of the transitions occur at general points of the Bril-
louin zone, so essentially all transitions are allowed, but
with varying weights. Evidently the weights from the di-
pole matrix elements do not vary greatly, except for the
transitions near 4 and 5.3 eV.
Figure 2 also shows the experimental conductivity.
The Drude contribution has not been subtracted, but it is
relatively small. There is good agreement in the absolute
magnitudes of the spectra calculated with dipole matrix
elements (broadened here by convolution with a Lorentzi-
an of full width at half maximum of 0.15 eV) and the ex-
perimental spectra. This indicates that the magnitude of
the dipole matrix elements are quite accurate. The
greatest discrepancy between the data and our calcula-
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FIG. 2. Optical conductivity for Mo. Solid line: calculated
interband conductivity including matrix elements, using nonre-
lativistic bands. Dashed line: calculated interband conductivity
without matrix elements, but for wave-vector-conserving transi-
tions only (arbitrary units, normalized to the solid line at the
peak at 2.1 eV). Dotted line: experimental total conductivity.
tion is the shoulder at about 1.8 eV in the data. (Upon
converting to the imaginary part of the dielectric func-
tion, ez, the shoulder becomes a peak. ) This shoulder is
not present in the unbroadened calculated o. &.
Figure 3 shows the interband conductivity calculated
from the relativistic bands. It is similar to the nonrela-
tivistic case except for three changes: (1) The shoulder
below the peak near 2 eV now appears in the calculated
spectrum. In fact, it was present before the addition of
spin-orbit splitting. (2) The peak near 4 eV has moved to
higher energy compared with the nonrelativistic result.
(3) The absolute magnitude of the conductivity is in
better agreement with the observed values for all energies
below 4 eV. Now the agreement with experiment is both
qualitatively and quantitatively good.
The origin of the structures in the interband conduc-
tivity were found in the following way. The irreducible
wedge of the Brillouin zone was divided into 440 tetrahe-
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FIG. 1. Calculated electronic structure of Mo. Solid lines:
self-consistent relativistic bands. Dashed lines: nonrelativistic
bands calculated with the potential of Ref. 9. The two sets of
band were aligned at the Fermi energies.
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FIG. 3. Optical conductivity for Mo. Solid line: calculated
interband conductivity including matrix elements, using relativ-
istic bands. Dashed line: experimental total conductivity.
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dra. An energy window was selected and all interband
transitions falling in this window were calculated for all
pairs of states (initial state below F~, final state above) for
the center of each tetrahedron. The product of the
squared dipole matrix element and the interband density
of states was stored for each tetrahedron and energy win-
dow.
The results for the transitions near the peak at 2.3 eV
are shown in Fig. 4. Each tetrahedron is represented by a
point if it makes a contribution to the interband conduc-
tivity in this spectral region, with the size of the dots
denoting the strength of the contribution. It is easily
seen that the points giving rise to the low-energy peak in
a& are not along the I -H-N symmetry line or any other
symmetry line. Almost all the strength is away from the
boundaries of the irreducible wedge of the zone, occur-
ring throughout a large volume of the wedge. The bands
contributing here are both Aat and parallel; nearly all the
transitions are from band 3 to band 4. These occur in the
central region of the collection of points in Fig. 4. Tran-
sitions from band 2 to band 4 contribute a little strength
for wave vectors near the I corner of the wedge, with
nearly negligible contributions from transitions from
bands 2 and 3 to 5 and from 3 to 6.
The transitions in the region of the shoulder on the
low-energy side of the 2.3-eV peak are shown in Fig. 5.
They are predominantly transitions between bands 3 and
4, as are the transitions at slightly higher energy (Fig. 4),
but they are weaker and come from regions in the Bril-
louin zone adjacent to the regions contributing at slightly
higher energy (Fig. 4), an effect of band curvature. The
regions responsible for the shoulder are "lower" in the ir-
reducible wedge, i.e., nearer the I -H-N plane, and nearer
the front face of the wedge in Figs. 4 and 5. We note that
FIG. 5. Regions in the irreducible wedge of the Brillouin
zone contributing to interband transitions in the 1.63—2.04-eV
spectra region.
Pickett and Allen calculated a shoulder in o.
,
without
the use of dipole matrix elements, indicating a somewhat
different shape of bands 3 and 4 in this general (no sym-
metry) region of the Brillouin zone. Pickett and Allen
used a tight-binding fit to nonrelativistic, non-self-
consistent bands for Nb, raising the Fermi level to ac-
count for the extra electron in Mo.
The k-space origins of the transitions responsible for
the conductivity peak at 4.3 eV are shown in Fig. 6.
These transitions occur throughout nearly all of the irre-
ducible wedge, except for regions near symmetry lines
and points. These transitions occur between several band
FIG. 4. Regions in the irreducible wedge of the Brillouin
zone contributing to interband transitions in the 2.04—2.18-eV
spectral region. The heavy dots show the location of the small
tetrahedra with the largest contributions (from the product of
dipole matrix elements and joint density of states). Smaller dots
show weaker transitions.
FIG. 6. Regions in the irreducible wedge of the Brillouin
zone contributing to interband transitions in the 4.1 —4.5-eV
spectral region.
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pairs. At the top of the wedge, near P, transitions from
band 3 to band 4 occur. About a third of the way down
from P, transitions from band 3 to band 5 are important.
In the lower half of the wedge, 2—+4, 2—+3, and 2—+5
transitions dominate, with several other band pairs mak-
ing small contributions.
Recently a piezomodulation study of the optical prop-
erties of Mo has been carried out. ' This study also in-
cluded a calculated optical conductivity for Mo, with and
without dipole elements, using a nonrelativistic l
dependent potential. The e8'ect of the matrix elements in
the 4—6-eV region is similar to ours, but our overall mag-
nitudes for o
&
are in much better agreement with experi-
ment.
DISCUSSION
Agreement of the calculated optical properties with ex-
periment is surprisingly good. Not only are the peaks
predicted properly, but the magnitude of the conductivity
is calculated in rather good agreement as well. Dipole
matrix elements are needed to obtain the right relative
strengths of the main two peaks. In order to obtain the
proper low-energy structure a self-consistent relativistic
band structure is needed. Presumably the same type of
calculation will be needed for all 4d and 5d transition
metals in order to obtain a quantitative understanding of
the optical properties. The transitions occur throughout
the Brillouin zone, a result of the large number of rela-
tively Oat bands. The transitions are derived from the op-
tically forbidden atomic d~d transitions, strongly al-
lowed in the crystal by a large amount of hybridization
with s and p states.
Our single-particle picture should be correct at the
Fermi level, but electron-electron interactions should
have an eft'ect on optical properties that increases with in-
creasing photon energy. This is best described by calcu-
lating the complex electron self-energy. The imaginary
part produces a broadening which we have simulated by
convolving our calculated conductivity with a Lorentzi-
an. The real part of the self-energy induces shifts. These
have been calculated for the isoelectronic bcc transition
metal, Cr, by Kulikov et a/. ' In a range of 5 eV on ei-
ther side of the Fermi level, the largest self-energy shift is
about 0.5 eV, and it occurs just above the Fermi level.
Since the shift is negative for all states within +4 eV of
the Fermi energy, it tends to cancel in the energy
di6'erences between bands in this range. The self energy
thus might produce a small change in the calculated con-
ductivity, but not enough to give qualitatively better or
poorer agreement with experiment. If the self-energy for
Cr can be used for Mo, we find it does not explain the
shift in the calculated 4.3-eV peak to an energy higher
than the experimental one. The responsible transitions
straddle the Fermi energy with the final states about 2 eV
above. This is still in the region where there is near can-
cellation between initial- and final-state shifts.
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